to intradural-extramedullary spinal cord tumor resection with a standard, open laminectomy approach.
methods patient Selection and data collection
Sixty-two patients undergoing 65 consecutive intradural spinal tumor resections were discovered upon review of all resections performed by 2 surgeons at the University of California, San Francisco between 2007 and 2014. Cervical tumor resections and resections for neurofibroma were excluded from this group of cases, as these were always performed via an open approach. In total, 51 resections were performed for thoracolumbar, intradural-extramedullary tumors. The surgical approach (minimally invasive surgery [MIS] vs open surgery) was performed at the discretion of the operating surgeon. After the appropriate institutional review board approval was obtained, patients' electronic medical records were reviewed for patient, operative, and postoperative characteristics. For the purposes of statistical analysis, American Spinal Injury Association (ASIA) scores were converted to numbers (A = 1, B = 2, etc.), as described previously. 7 Median preoperative ASIA scores are reported as they would be clinically, however. Postoperative ASIA scores were obtained at the patient's last follow-up visit. Tumor size in the craniocaudal direction was determined prior to surgery based on T1-weighted MR images. Extent of resection was determined on postoperative MR images.
Surgical Technique
The minimally invasive transspinous approach has been described previously. 7, 8 The primary surgeon decided on the surgical approach preoperatively. In brief, after informed consent was obtained, baseline somatosensory evoked potential and motor evoked potential monitoring was performed. This neuromonitoring was rechecked after the patient was flipped to the prone position. The surgical level was marked with the aid of lateral fluoroscopy. Through a 3-to 4-cm midline incision, the spinous processes were amputated at their base with a rongeur, and a Pipeline expandable retractor (DePuy Spine) was placed in the midline following sequential muscle dilation (Fig.  1) . After the retractor was expanded, minimal tissue dissection was required. Single-level or multilevel laminectomies with undercutting of the lateral lamina were performed to provide excellent exposure.
A midline dural incision allowed for tumor resection using standard microsurgical techniques with the aid of an operative microscope. After the dura was closed with a running 4-0 Nurolon suture, a Valsalva maneuver was induced to detect any CSF leak. If a leak was detected, it was patched with muscle fascia autograft or Tisseel fibrin adhesive.
Statistical Analysis
All statistical operations were performed with SPSS 
Results
A similar number of minimally invasive (n = 25) and open (n = 26) thoracolumbar, intradural-extramedullary tumor resections were performed between 2007 and 2014. The 2 groups were well matched; there were no statistically significant differences in patient characteristics, including age at surgery, sex, body mass index, preoperative ASIA score, preoperative symptom duration, procedure number, ASA physical status classification, tumor size, and tumor location ( Table 1 
Operative characteristics
Features related to surgery were largely similar between the 2 cohorts ( Table 2 ). The most common laminectomy performed in each group was an L1-2 laminectomy (16% of MIS resections and 23% of open resections), although the MIS resections tended to involve fewer levels (p < 0.05). The 2 groups had comparable operative durations, but there was a statistically significant difference in mean estimated blood loss (EBL) (142.0 ± 99.7 ml in the MIS group vs 320.0 ± 407.9 ml in the open group, p < 0.05). This EBL difference did not translate into a significant difference in the percentage of patients who required blood transfusions in the 2 cohorts (4% of patients in the MIS group vs 12% in the open group, p = 0.32). The 2 cohorts had similar rates of gross-total resection (92% in the MIS group vs 88.5% in the open group, p = 0.67) and surgery rarely resulted in significant loss of motor evoked potentials (0% of MIS cases vs 8% of open cases, p = 0.49). In each case of subtotal resection, tumor was firmly adherent to either the conus medullaris or functioning nerve roots, so the surgeon decided to leave a residual to minimize neurological deficits. The patient's functional status either remained at baseline or improved following surgery in each of those cases. Importantly, tumor excision was never halted, nor was the surgical technique ever converted to an open approach, as a result of limited exposure in the MIS cohort; however, 1 open resection was halted due to a significant loss of motor evoked potentials. No patient in the MIS group and 4 patients in the open group underwent spinal instrumentation (p < 0.001). Three patients received pedicle screw fixation and fusion, although one had a preexisting L5-S1 spondylolysis and another had significant bony erosion of the sacrum necessitating fusion; the fourth patient underwent instrumented laminoplasty of the thoracic spine. Figure 2 demonstrates representative pre-and postoperative imaging for a patient in the MIS cohort. The 3 most common tumor pathologies in each group were schwannoma, meningioma, and ependymoma (p = 0.99).
postoperative characteristics
During a mean follow-up of 2 years in the MIS cohort and 1.6 years in the open group (p = 0.34), the overall recurrence rates were equivalent (4% each). For a comparison of all postoperative characteristics, see Table 3 . The MIS cohort had a greater improvement in functional status after surgery as determined by mean change in ASIA score, but the difference between the 2 cohorts was not statistically significant (p = 0.09). There were no differences in overall length of stay (LOS) (p = 0.73), although there was a trend for patients in the MIS group to have fewer postoperative adverse events (with AEs occurring in 8% of the patients in the MIS group vs 19% of those in the open surgery group, p = 0.24). Adverse events in the MIS cohort included 1 pseudomeningocele and 1 pulmonary embolus; whereas those in the open cohort included 3 CSF leaks, 1 subfascial wound infection, and 1 epidural hematoma. The 3 CSF leaks resolved after lumbar drain placement. The pseudomeningocele, subfascial wound infection, and epidural hematoma each required return to the operating room. In each case, functional status either improved or remained at baseline.
Sensitivity Analyses
Because those patients treated with open resection were more likely to have large tumors and were more likely to have more extensive laminectomies, we performed a sensitivity analysis to account for this bias. To do this, we repeated our analyses for small tumors only (≤ 2 cm).
The MIS and open subgroups included an equal number of patients (13 in each). There were no statistically significant differences in any pre-, intra-, or postoperative characteristics (Table 4) ; however, there was a statistically Prior studies examining the safety and efficacy of various minimally invasive techniques for intradural tumor resection have been limited to case series with historical controls, 4, 8, 9, 11, 16 with the exception of 1 prior retrospective cohort study. 7 The data presented here represent the largest direct comparison of traditional, open approaches with the minimally invasive transspinous approach using a Pipeline retractor system. Based on our results, the MIS transspinous approach appears to be at least as safe and effective as standard, open laminectomy techniques. Using well-matched cohorts, we demonstrate equivalent extent of resection, operative duration, hospital LOS, and recurrence rates, although the MIS cohort had significantly reduced intraoperative blood loss and showed a trend toward larger improvements in functional outcome (as measured by the ASIA score) compared with the open cohort. Five subtotal resections were performed between the 2 groups (2 MIS and 3 open). We suspect that the slightly lower gross-total resection rate in the open cohort was related to the larger tumors in that group (see Table 2 ).
In addition to the sensitivity analyses described earlier, 2 additional analyses were performed to confirm our findings related to EBL and LOS. The large standard deviation seen for EBL in the open cohort was caused by 2 patients, who had EBLs of 1 L and 2 L. Even when these 2 patients were excluded from the analysis, the mean EBL in the MIS group (142.0 ± 99.7 ml) was statistically significantly lower than in the open group (217.4 ± 145.9 ml, p < 0.05).
The precise clinical relevance of this difference in EBL is not immediately clear, given that only 4 patients in our cohort (1 in the MIS group and 3 in the open group) actually required blood transfusions. Studies with larger sample sizes will likely be needed to prove a clinical benefit. An additional sensitivity analysis was performed for the comparison of LOS between the 2 cohorts. Six patients in the MIS cohort and 10 in the open cohort were directly admitted to the hospital; on average, these patients spent 3.0 and 2.9 days, respectively, in the hospital prior to having surgery. When these preoperative hospital days were excluded from the analysis, the postoperative LOS was equivalent in the 2 groups (6.2 ± 1.6 days vs 6.0 ± 2.4 days, 0.5 ± 0.9 0.0 ± 0.6 0.13 LOS in days (mean ± SD) 6.8 ± 1.8 6.9 ± 3.0 0.94 Follow-up in yrs (mean ± SD)
1.8 ± 1.1 1.2 ± 1.1 0.13 EOR = extent of resection. p = 0.78). Nevertheless, the average LOS in our patient cohort is longer than the approximately 3 days described in previous studies. 4, 9, 11, 16 We believe this prolonged LOS is related to postoperative pain. At our institution, most patients use a patient-controlled analgesia device for the first 24 hours after surgery after which they are weaned to an appropriate outpatient pain control regimen. In at least 1 patient in the MIS cohort, postoperative narcotics use totaled 160 mg in oral morphine equivalents, which is significantly greater than the average of 66.3 mg described by Nzokou and colleagues. 11 Future studies should examine postoperative narcotics use, both to explain prolonged LOS and to determine whether MIS techniques affect immediate postoperative pain.
Although we prefer the minimally invasive transspinous approach using a midline incision, we understand its limitations. In our cohort, the tumors exposed and the laminectomies performed in the MIS cohort tended to be smaller than those in the open cohort, although tumor size was not statistically significantly different in the 2 groups. This selection bias, combined with the fact that 4 patients in the open group and none in the MIS group underwent placement of instrumentation, likely reflected the surgeons' clinical experience that tumors spanning more than 2 segments could not be optimally managed via an MIS approach. Thus, we feel that this MIS technique is better suited for small tumors involving no more than 2 levels and without significant extraforaminal extension. Patients with lateral tumor extension, bony erosion, or other findings seen on preoperative imaging that suggest the need for fusion are currently not ideal candidates for the MIS approach. In addition, conversion to an open approach may be necessary for patients with intraoperative findings requiring instrumentation. Importantly, the sensitivity analysis performed on patients with small tumors re-demonstrated a trend toward lower EBL in the MIS cohort (Table 4) . We hypothesize that a statistically significant difference in EBL was not reached because of the relatively small sample sizes used in this sensitivity analysis. Thus, even when accounting for this selection bias, the MIS technique is safe and effective. In addition, the potential for surgeon bias was mitigated by the fact that additional analyses performed after excluding surgeries by D.C. (which were mostly done through an open approach) recapitulated our primary results (Table 5 ). Although we prefer the transspinous approach due to its exposure of the entire dorsal spinal cord, MIS hemilaminectomy techniques with paramedian incisions can avoid midline scar tissue in patients who have had previous surgery and may thus be beneficial in those circumstances.
While this study is one of the largest comparisons of MIS and open techniques for intradural tumor resection, as with any retrospective review, the analyses are open to bias. We minimized the effects of selection bias by including consecutive thoracolumbar, extramedullary tumor resections between 2007 and 2014 and were reassured by how well matched the 2 groups were. Although a selection bias existed for larger tumors to be resected via an open approach, we believe that the minimally invasive transspinous technique is as safe and effective as open techniques for small tumors spanning 2 segments or fewer.
Unaccounted differences between the 2 surgeons appear to not be significant based on our sensitivity analysis. Still, to definitively demonstrate comparative efficacy of this approach and to determine optimal patient eligibility criteria, a prospective randomized controlled trial should be performed. Such trials should include comparisons of validated patient-reported quality of life measures, postoperative narcotics usage, postoperative intensive care unit requirements, and overall costs.
conclusions
The minimally invasive transspinous approach to intradural-extramedullary tumor resection is as safe and effective as standard, open approaches, with the advantage of reduced intraoperative blood loss. Future prospective, randomized studies aimed at directly comparing minimally invasive techniques and determining the cost effectiveness of those techniques may influence their adoption by other surgeons.
